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$OUHDG\ WRGD\ WKH UHFUXLWPHQWRIQHZZRUNIRUFH IRU WKH ILHOGRI FDUHWDNLQJ LVGLIILFXOW LQKLJKO\ LQGXVWULDOL]HG
FRXQWULHVDQGWKHJDSEHWZHHQGHPDQGDQGDYDLODELOLW\RIFDUHWDNHUVZLOOIXUWKHULQFUHDVHZLWKWKHH[SHFWHGLQFUHDVH
LQ DJHG SRSXODWLRQV LQ WKH IXWXUH 7KLV LV WUXH IRU ERWK WKH ILHOG RI FDUHWDNLQJ LQ LQVWLWXWLRQV DV FDUH KRPHV DQG
VXSHUYLVHG DFFRPPRGDWLRQ DV ZHOO DV LQ WKH ILHOG RI KRPH FDUH 5HDVRQV IRU WKH RQJRLQJ LPDJH GDPDJH DQG
XQSRSXODULW\ RI WKH FDUHWDNLQJ SURIHVVLRQ DUH DPRQJVW RWKHUV ORZ VDODULHV WRXJKZRUN VFKHGXOHV KLJK SK\VLFDO
EXUGHQVWKHH[HFXWLRQRIK\JLHQHFULWLFDOWDVNVZDVKLQJDQGFOHDQLQJRIHOGHUO\HWFUHSHWLWLYHDQGPRQRWRQRXV
WDVNVDQGWKHLQFUHDVHRIGRFXPHQWDU\DGPLQLVWUDWLYHZRUN7KHRIWHQKRQRUHGSHUVRQDOFRQWDFWRIWKHFDUHWDNHUVWR






DQ DJHLQJ VRFLHW\ SUHVHQWHG LQ WKLV SDSHU ZH DLP WR GUDPDWLFDOO\ FKDQJH WKH LPDJH DQG SHUIRUPDQFH RI WKH
SURIHVVLRQDO DQG QRQSURIHVVLRQDO FDUHWDNLQJ ILHOG DQG DW WKH VDPH WLPH LPSURYLQJ WKH OLIH VLWXDWLRQ RI WKH
FDUHWDNHUV LQFDUHKRPHVVXSHUYLVHGDFFRPPRGDWLRQDQGKRPHFDUH:HDUHQRWDLPLQJDW WKHVXEVWLWXWLRQRI WKH
FDUHWDNLQJZRUNIRUFH E\ FDSLWDO LQYHVWPHQW LQ WHFKQRORJ\ EXW DW WKH VXEVWLWXWLRQ DQG UHGLVWULEXWLRQ RI LQGLYLGXDO
WDVNV PDNLQJ FDUHWDNLQJ D FUHDWLYH WHFKQRORJ\RULHQWHG KLJKOHYHO SURIHVVLRQ WKDW LV DWWUDFWLYH IRU VNLOOHG DQG
PRWLYDWHG SHRSOH $VVLVWHG OLYLQJ HQYLURQPHQWV LQZKLFK DPXOWLWXGH RI DVVLVWLYH VXEV\VWHPV DQG VHUYLFH URERWV









WKH DVSHFW RI KDUG SK\VLFDO DVVLVWDQFH FDSDELOLWLHV VXFK DV IOH[LELOLW\ LQFUHDVHG LQWHOOLJHQFH DQG VLWXDWLRQDO
DZDUHQHVVDQGSURYLGHQHZZD\VRI LQWXLWLYHPDQPDFKLQHLQWHUDFWLRQ+RZHYHU WKH LQWHJUDWLRQRI VHUYLFH URERW
V\VWHPV LQWR UHDO ZRUOG DVVLVWHG HQYLURQPHQWV KDV EHHQ GLIILFXOW GXH WR WKH XVXDOO\ VHSDUDWH GHYHORSPHQW RI
HQYLURQPHQW DQG VWDQGDORQH URERW V\VWHPV KLJK FRVW RI KLJKO\ GH[WHURXV VHUYLFH URERW V\VWHPV DQG ODFN RI
VHDPOHVVLQWHJUDWLRQDQGXVHUDFFHSWDQFH7KHUHIRUHZLWKRXUUHVHDUFKLQWKLVILHOGZHDLPDWFUHDWLQJWKHVFLHQWLILF





DQG WKH SURFHVVHV WDNLQJ SODFHZLWKLQ WKHP IRU WKH FUHDWLRQ RIPRGXODU DQGPDVVFXVWRPL]DEOH URERWFRPSDWLEOH
DVVLVWHGOLYLQJDQGVHUYLFHHQYLURQPHQWVDVZHOODVWKHUHGHVLJQDQGDGDSWDWLRQRIH[LVWLQJVHUYLFHURERWV\VWHPV,Q
DQ LQWHUGLVFLSOLQDU\ DSSURDFK ZH ZLOO GHYHORS RSWLPL]HG FDUH HQYLURQPHQWV LQ ZKLFK VHUYLFH URERW V\VWHPV
VHDPOHVVO\ LQWHUDFW ZLWK WKH SK\VLFDO HQYLURQPHQW HPEHGGHG PHGLFDOV VHQVRUV DQG V\VWHPV YDULRXV VHWV RI
VWDQGDUGL]HG DQG QRQVWDQGDUGL]HG SURFHVVHV DQG KXPDQ EHLQJV FDUHWDNHUV DV ZHOO DV FDUHJLYHUV WR SURYLGH
PXOWLGLPHQVLRQDODVVLVWDQFHDQGDEURDGVHWRIPRGXODUDQGFXVWRPL]DEOHVHUYLFHV7KHEDVLFSUHPLVHFRQVLVWVRID
GLVWULEXWHG OD\HUHG DUFKLWHFWXUH HQDEOLQJ RPQLSUHVHQW FRPPXQLFDWLRQ DQG DQ DGYDQFHG KXPDQ±PDFKLQH
FRPPXQLFDWLRQSURWRFRO7KH$PELHQW ,QWHOOLJHQFH $P,SDUDGLJPVHWV WKHSULQFLSOHV WRGHVLJQ DSHUYDVLYH DQG
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WUDQVSDUHQWLQIUDVWUXFWXUHFDSDEOHRIREVHUYLQJSHRSOHZLWKRXWLQWHUIHULQJZLWKWKHLUOLYHVDGDSWLQJWRWKHQHHGVRI




$ SDUWLFXODU IRFXV LQ RXU UHVHDUFK LV WKH FRDGDSWDWLRQ DQG FUHDWLRQ RI FRPSDWLELOLW\ LQ D SK\VLFDO DQG
LQIRUPDWLRQDO VHQVH RI DVVLVWLYH HQYLURQPHQWV DQG VHUYLFH URERW V\VWHPV ,Q FRQWUDVW WR XVXDO VHUYLFH URERW
GHYHORSPHQW VHH IRU H[DPSOHCare-O-Bot >@, Patient Transfer Assist >@, RI-MAN >@ WKH FRPSOH[LW\ RI





,Q WKLVSDSHU WKHDXWKRUVSUHVHQWDFRQFHSWXDODSSURDFKIRUDURERWLFFDUHHQYLURQPHQW LQZKLFK IXUQLWXUHDQG
URERWV\VWHPVDUHIXOO\V\QFKURQL]HGDQGFRDGDSWHG7KHFRQFHSWXDODSSURDFKERUURZVIXUWKHULGHDVDQGPHWKRGV




FRPSDWLEOH LQWHULRUV DQG EXLOGLQJ ³LQILOO´ FRPSDWLEOH VHUYLFH URERWV ZHUH GHYHORSHG DQG WKHLU LQWHUDFWLRQ ZDV
GHPRQVWUDWHG HYDOXDWHG DQG GHYHORSHG IXUWKHU LQ VHYHUDO GHYHORSPHQW F\FOHV ZLWKLQ UHOHYDQW XVH FDVHV 7KH









FDUHHQYLURQPHQW LQZKLFKDYDULHW\RIFRDGDSWHGURERWV\VWHPVPRELOH URERWVPDQLSXODWRUVHWF LQWHUDFWZLWK
KXPDQ EHLQJV DQG WKH FRDGDSWHG WKH SK\VLFDO HQYLURQPHQW 7KH DXWKRUV WKHQ SUHVHQW ± DV D SURRI RI FRQFHSW ±
H[HPSODULO\ WZR LQGLYLGXDO VXEV\VWHPV ZKLFK WKH\ FRXOG GHYHORS WHVW DQG RSWLPL]H ZLWKLQ RQJRLQJ UHVHDUFK
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3.1. Categories of environments:  
'LIIHUHQW W\SHV RI HQYLURQPHQWVZLWK GLIIHUHQW OHYHOV RI VXLWDELOLW\ RUGLIILFXOW\ IRU WKH LQWURGXFWLRQRI VHUYLFH
URERW V\VWHPVFDQEH LGHQWLILHG6LPLODU WR WKHH[DPSOH LQPDQXIDFWXULQJ LQGXVWU\DQG LQ IDFWRULHV WKHGHJUHHRI









3.2. Categories of service robots suitable for care 










3.3. Categories of embedded Systems (Sensors, Interfaces, assistive devices, medical devices, etc.): 
,QRUGHUWRDOORZFRDGDSWDWLRQDQGDQLQWHOOLJHQWVWUXFWXULQJRIWKHFDUHHQYLURQPHQWLQZKLFKWKHURERWRSHUDWHV











3.4. Service-robot complexity reduction functions  











,Q SUHYLRXV UHVHDUFK WKH DXWKRUV KDYH GHYHORSHG PHWKRGV IRU WKH V\VWHPLF GHYHORSPHQW RI DVVLVWLYH KRPH
HQYLURQPHQWV WKDW VXSSRUW HOGHUO\ SHRSOH WR OLYH LQGHSHQGHQW EDVHG RQ DQ DQDO\VLV RI SURFHVVHV WKDW UHVXOW IURP
DFWLYLWLHVRIGDLO\OLYLQJVHHIRUH[DPSOH>@DQG>@&DUHSURFHVVHVERWKLQDPEXODQWDQGVWDWLRQDU\VHWWLQJV
DUHGLIIHUHQWDVWKHIRFXVRQRQHKDQGLVRQSHRSOHWKDWGHPDQGDKLJKHUOHYHORIFDUHEXWRQWKHRWKHUKDQGLQFOXGH
LQ VRPH ZD\ SURIHVVLRQDO DQG QRQSURIHVVLRQDO FDUH SHUVRQQHO ,Q SDUWLFXODU LQ VWDWLRQDU\ FDUH SURFHVVHV URRP
OD\RXWVDQGIXUQLWXUHDUHKLJKO\VWDQGDUGL]HGDQGWKXVSUHVHQWDVROLGRSSRUWXQLW\IRUDXWRPDWLRQDQGURERWLVDWLRQ
%DVHGRQDQDO\VLVRIFDUHSURFHVVHVDQGGLVFXVVLRQVZLWKSURIHVVLRQDOFDUHWDNHUVDQGFDUHPDQDJHUVWKHDXWKRUVRI














































































2XU FRQFHSW DLPV DW WKH FRDGDSWDWLRQ RI VHUYLFH URERWV HQYLURQPHQW LQFOXGLQJ IORRU OD\RXWV IXUQLWXUH DQG
GLVWULEXWHGVHQVRUVDQGSURFHVVHV WRD WRWDO V\VWHPIRUSURIHVVLRQDO VWDWLRQDU\DQGDPEXODQWFDUHHQYLURQPHQWV
2XU FRQFHSW FRQVLGHUV LQSDUWLFXODU D VHDPOHVV UHODWLRQVKLS DQGXELTXLWRXV LQWHUDFWLRQEHWZHHQ WKH XVHU URERWLF
V\VWHPV DQG VPDUW IXUQLWXUH (YHU\ DVSHFW RI WKH FDUHJLYHUV¶ DQG FDUHWDNHUV¶ DFWLYLWLHV FDQ EH LQIOXHQFHG DQG
HQKDQFHGE\LPSOHPHQWDWLRQRIWKHURERWLFFDUHHQYLURQPHQW(DFKURERWLFV\VWHPZLOOZRUNHLWKHULQGLYLGXDOO\RU
DV D JURXS LQ RUGHU WR SURYLGH QHFHVVDU\ DVVLVWDQFH IRU WKH XVHU 7KH VPDUW IXUQLWXUH LV HTXLSSHG ZLWK YDULRXV
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VHQVRUVZKLFK FDQ FRPPXQLFDWHZLWK WKH VXUURXQGLQJHQYLURQPHQW)RU LQVWDQFH WKHPRELOH URERWSODWIRUPZLOO
SURYLGHHIILFLHQWORJLVWLFVHUYLFHZLWKLQWKHOLYLQJHQYLURQPHQWVXFKDVGHOLYHULQJVKRSSLQJIURPWKHGRRUZD\WRWKH
NLWFKHQRUGHOLYHULQJIRRGIURPWKHNLWFKHQ WR WKHEHGVLGH WDEOH7KH WHOHSUHVHQFHURERWFRXOGSURYLGHDQHWZRUN
LQWHUIDFHEHWZHHQ WKHKHDOWKFDUHSURYLGHUDQG WKHXVHU ,W FDQDOVREHXWLOL]HGDVSULPDU\PRELOHFRPPXQLFDWLRQ
SODWIRUPRUVRFLDOQHWZRUNPHGLD7KHIORRUDQGZLQGRZFOHDQLQJURERWZLOORSHUDWHLQDQDXWRQRPRXVPDQQHUWR
FDUU\RXWFOHDQLQJGXW\RQO\ZKHQ LW LVQHFHVVDU\7KH OLJKWZHLJKWURERWDUPZLOODVVLVWFDUHJLYHUVDQGFDUHWDNHUV
ZLWK HVVHQWLDO WDVNV VXFK DV SUHSDUDWLRQ RI IRRG IHHGLQJ DQG SHUVRQDO K\JLHQH RSHUDWLRQV 7KH DERYH VFHQDULRV






























































































WKH DXWKRUV LQ GLIIHUHQW XVH FDVHV DQG E\ XVLQJ YDULHW\ RI URERW V\VWHPV LQ WKH $$/ SURMHFWV *(:26 /,6$
3$66$JH86$ðDQG/,6$KDELWHFK$OORIWKHVHSURMHFWVZHUHLQLWLDOL]HGDQGFRQGXFWHGLQWKHODERUDWRU\UXQE\
WKH DXWKRUV DQG LQYROYHG ERWK FRPPHUFLDO DQG LQGXVWULDO SDUWQHUV 7KH IROORZLQJ WZR H[DPSOHV GHPRQVWUDWH
H[HPSODULO\KRZWKHDXWKRUVWDFNOHGWKHFRDGDSWDWLRQSURFHVV

7KH UHVHDUFK SURMHFW /,6$ LQYHVWLJDWHG WKH SRVVLELOLWLHV WR HPEHG DVVLVWLYH IXQFWLRQV DQG VHUYLFHV LQWR ZDOO
³WHUPLQDO´FRPSRQHQWVDQGWKHUHIRUHWRHQDEOHDQDXWRQRPRXVDQGLQGHSHQGHQWOLYLQJXSRQSHUIRUPLQJDFWLYLWLHV
RI GDLO\ OLYLQJ E\ SDUWLDOO\ VWUXFWXUHG HQYLURQPHQWV URERWLF PLFURURRPV 5P5V 7KH WHUPLQDO JHQHUDWHG D
JHRPHWULFDONQRZQDQGVWUXFWXUHGHQYLURQPHQW IRU WKH LQWHJUDWHG URERW V\VWHPV .LQRYD¶VJACO URERW DUP >@
TurtleBot >@DQGSURYLGHGWKHPZLWKDGGLWLRQDOLQIRUPDWLRQIRUH[DPSOHH[DPSOHDERXWORFDWLRQRIREMHFWVWREH




GHYHORSHG 7KH ZRUNVSDFHV GHYHORSHG DUH HPEHGGHG LQ ODUJHU &ORXG 0DQXIDFWXULQJ V\VWHPV DQG ZLOO DOORZ
FRPSDQLHV WR XWLOL]H D KLJKO\ VNLOOHG ZRUNIRUFH LQFOXGLQJ KLJKO\ H[SHULHQFHG HOGHUO\ ZRUOGZLGH :LWKLQ WKH
SURMHFW WKH ZRUNVSDFH LWV IXQFWLRQV DQG GHVLJQ WKH HPEHGGHG VHQVRUV GLVWULEXWHG LQ WKH HQYLURQPHQWV QRYHO
LQWHUIDFHVIRUH[DPSOHOHDSPRWLRQVHQVRUVIRUIXUWKHUGHWDLOVVHHDOVR>@DQGWKHUHODWHGZRUNSURFHVVHGZHUH
IXOO\ FRDGDSWHG'HWDLOVRQ WKHUSA² SURMHFW WKHGHYHORSPHQWV H[SHULPHQWV DQGXVHU WHVW FRQGXFWHGZLWKLQ WKLV
SURMHFWDUHSUHVHQWHGLQ>@

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 
)LJ'HYHORSPHQWDQGWHVWLQJRIURERWHQYLURQPHQWSURFHVVFRDGDSWDWLRQVWUDWHJLHVZLWKLQRQJRLQJUHVHDUFKSURMHFWV/,6$DDQG86$ðE
%RWK LQ /,6$ DQG 86$ð WKH 7XUWOH%RW PRELOH URYHU SODWIRUP ZDV XVHG WR DFW DV WKH KXPDQPDFKLQH
FRPPXQLFDWLRQ LQWHUIDFH)XUWKHUPRUH7XUWOH%RWZDVXVHG WRDFTXLUHDGGLWLRQDOYLVXDO LQIRUPDWLRQ IRUH[DPSOH
H[DPSOHUHFRJQL]LQJG\QDPLFREVWDFOHVDVKXPDQEHLQJVXVLQJWKH0LFURVRIW.LQHFW6HQVRU>@7KHGHSWKVHQVRU
FRQVLVWV RI DQ LQIUDUHG ODVHU SURMHFWRU FRPELQHG ZLWK D &026 VHQVRU ZKLFK FDSWXUHV ' UHDOWLPH GDWD 7KH
VHQVLQJ UDQJH RI WKH GHSWK VHQVRU LV DGMXVWDEOH DQG WKH .LQHFW HPEHGGHG VRIWZDUH LV FDSDEOH RI DXWRPDWLFDOO\
FDOLEUDWLQJ WKH VHQVRUEDVHGRQ WKHXVHU¶VSK\VLFDO HQYLURQPHQW DUUDQJHPHQW DFFRPPRGDWLQJ IRU WKHSUHVHQFHRI
IXUQLWXUHRURWKHUREVWDFOHV'XHWRWKHIDFWWKDWWKH.LQHFWVHQVRUXVHVDQLQIUDUHGVHQVRULWFDQDOVRSURYLGHQLJKW






7KHH[SHULPHQWVZLWK7XUWOH%RW LQ/,6$DQG86$ðVKRZHG WKDW WKHFRDGDSWDWLRQRIHQYLURQPHQWDQGPRELOH




,Q WKHQH[W VWHS WKHDXWKRUVZLOOXVH WKHJHQHUDWHGNQRZOHGJH DQG LPSOHPHQWDQGFRDGDSWFDUHHQYLURQPHQWV







/LYLQJ,Q WKHQH[WVWHS WKHDXWKRUVZLOODSSO\WKHNQRZOHGJHJDLQHGVRIDU WRFUHDWHSURIHVVLRQDOFDUHVHWWLQJVLQ
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ZKLFKLQSDUWLFXODUWKHFDUHWDNHUVDUHKHDYLO\VXSSRUWHGE\DYDULHW\RIURERWV6LPLODUDVLQWKHUHVHDUFKSURMHFWV
FRQGXFWHGVRIDUWKHDXWKRUVFRQFOXGHWKDWWKHFRDGDSWDWLRQRIURERWV\VWHPVSK\VLFDOHQYLURQPHQWDQGSURFHVVHV
ZLOOUHGXFHWRWDOV\VWHPFRPSOH[LW\DQGFRVWDQGWKXVERRVWLPSOHPHQWDWLRQDQGFRPPHUFLDOL]DWLRQRIVHUYLFHURERW
V\VWHPVIRUDPEXODQWDQGVWDWLRQDU\FDUH
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